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Abstract 
Groundwater pumping changes the hydrodynamics of aquifer systems. Rapid urbanization 
and pumping-induced changes in local groundwater flow can affect the natural heat and 
chemical balance of aquifers. In the Nagaoka Plain, Japan, groundwater is being extracted at 
145 × 10
6
 m
3
/year from a highly permeable aquifer consisting of coarse-grained sediments of 
Late Pleistocene to Holocene age. The author considered land-use and urban density, and used 
groundwater analyses to investigate the processes that change the subsurface temperature and 
chemistry of groundwater as a result of urbanization and intensive groundwater extraction. 
Comparison of subsurface temperatures in 2009 with measurements made between 1977 and 
2000 revealed a rate of increase of 0.050 °C/year at 18 m depth in the main urban area of the 
Nagaoka Plain, which is commensurate with the increase of mean air temperature during that 
period. Thus, it appears that surface warming due to urbanization has created a warm zone 
under the urban area of Nagaoko City. The saturation index of calcite in groundwater from 
urban areas of the plain decreased from a range of –1.5 to –0.5 in 2000 to a range of –3.0 to 
–2.0 in 2009. This decrease over a decade is consistent with continuous dissolution of 
carbonates in response to changes in the chemistry of recharge waters as a consequence of 
groundwater pumping. The results of three-dimensional simulation of groundwater flow 
indicate that drawdown of the water table under the central urban area has caused changes to 
both the source and the flux of recharge waters. These findings suggest that urbanization, 
intensive groundwater extraction, and recharge with chemically modified surface waters are 
responsible for the changes in the thermal and chemical properties of groundwater under the 
urban area of the Nagaoka Plain. 
iii 
 
List of Figures 
Figure                 Page 
1 Worldwide distribution of three categories of aquifer.        8 
2 Worldwide relative rates of groundwater recharge.        9 
3 Distribution and quality of aquifers in Japan.        10 
4 Comparison of depth to the water table in the Kanto Plain.      11 
5 Geologic map showing major geologic units in and around the study area.    14 
6 E-W and N-S geologic cross-sections across the study area and resistivity profiles.   15 
7 Monthly volume and usage of groundwater extracted in Nagaoka City.     16 
8 Seasonal fluctuations of water table in the study area.       17 
9 Long- and short-term variations of depth to water table in the center of Nagaoka City.   18 
10 Increase in number of water wells in Nagaoka City since 1965.      19 
11 Map showing land use in the study area in 1979 and locations of observation wells.   22 
12 Maps showing urbanized areas in 1950s, 1980s, and 2000s.      24 
13 Land-use map of the study area in 1979 and map of urban density.     25 
14 Annual mean air temperature in Nagaoka City from 1977 to 2010.     28 
15 Subsurface temperature profiles from an urban area and isopleth of subsurface temperature 
variations with time.           29 
16 Subsurface temperature profiles from a rural area and isopleth of subsurface temperature 
variations with time.           30 
17 Temporal changes of subsurface temperature at 18 m depth.      31 
18 Subsurface temperature contours 18 m below the surface in August 1982, June 2000, and 
August 2009.            32 
19 Piper diagram derived from all groundwater samples.       35 
20 Distribution in the study area of pH, major ion components of groundwater, and resistivity 
of alluvium.            36 
21 Plot of pCO2 versus pH. pCO2 was calculated from groundwater composition using 
PHREEQC software.           37 
iv 
 
22 Plot of pH versus log[HCO3
–
] for samples from observation wells.     38 
23 Plot of log[H4SiO4] versus log[K
+
] + pH in samples from observation wells.    39 
24 Distribution of saturation index of calcite in December 2000 and August 2009.   40 
25 Histograms of stable isotopic compositions in groundwater and precipitation.    42 
26 Watershed boundary and grid used for three-dimensional modeling.     45 
27 Relationship between urban density and the seasonal difference of water level.    46 
28 Modeling of water-table recovery season. Contours of the water table and areal distribution 
of rates of recharge and discharge at the top of the aquifer.      47 
29 Three-dimensional visualization of the model showing vectors of groundwater flow during 
the water-table recovery season.          48 
30 Modeling of period of water-table drawdown. Contours of water table and areal distribution 
of rates of recharge and discharge rate at the top of the aquifer.      49 
31 Three-dimensional visualization of model showing vectors of groundwater flow during the 
period of water-table drawdown.          50 
 
 1 
 
1. Introduction 
Urban groundwater development in many countries has caused problems such as 
excessive drawdown of the water table, degradation of water quality, declines in stream 
discharge and base flow, and negative impacts on the ecology of wetlands (Llamas and 
Martinez-Santos 2005). Natural flow patterns in aquifers are changed significantly by intensive 
groundwater extraction. This is an important issue in groundwater hydrology because of the 
potential for widespread environmental impacts including land subsidence (Poland and Davis 
1969), acidification of groundwater (Kinniburgh et al. 1994; Schreiber et al. 2000), and 
reductions of discharge that change surface water flow networks (Sophocleus 2003). 
Many aquifers that are exploited in major cities and cultivated areas are slow to recharge. 
These include the Central Valley and High Plains of the United States, the Nile Delta of Egypt, 
and the Upper Ganges Valley of India and Pakistan. Consideration of the worldwide 
distribution of aquifers (Figure 1) and the spatial variability of rates of groundwater recharge 
(Figure 2) suggests that the presence of aquifers does not necessarily guarantee the availability 
of adequate water resources. Where mega-cities have been developed in areas of shallow 
aquifers or low recharge rates, the balance of the water cycle has been disturbed. Such 
disturbances tend to be exacerbated by poorly planned urbanization. 
The processes of water circulation can be changed greatly by urban development. When 
forests, croplands, and paddy fields are urbanized, the increase in areas covered by 
impermeable surfaces reduces infiltration of rainwater and groundwater recharge. Furthermore, 
increases of domestic and industrial water demand in urban areas lower the water table and 
disturb the balance of the water cycle in the local watershed. Fluctuations in the depth of the 
water table induced by exploitation of aquifers in urban areas have occurred in mega-cities 
around the world (e.g., Shanghai, Manila, Bangkok, and Jakarta). The major effects of 
groundwater extraction in these areas are land subsidence, changes in the source of 
groundwater recharge, and seawater intrusion (Shimada 2011). Kagabu (2011) used carbon-14 
dating to reveal age rejuvenation of deep groundwater in the Jakarta area caused by downward 
percolation of water from a shallow aquifer as a consequence of excessive pumping. Das Gupta 
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(1985) used chemical analyses and numerical modeling to evaluate saltwater contamination 
that followed groundwater extraction from an aquifer underlying Bangkok City.  
Urbanization has reduced the availability of water from local aquifers in many areas 
(Jenerette and Larsen 2006; Villholth 2006), but specific concerns for local water budgets are 
affected by local climate and geography. For instance, in humid regions, the interaction of 
groundwater and rivers may forestall quantitative degradation of groundwater near rivers 
(Grischek et al. 1996; Kim et al. 2001; Martinez-Santos et al. 2010; Abe et al. 2014). 
Aquifers in humid regions of Japan are in structural basins formed by during the Neogene 
and Quaternary crustal movements (Figure 3; Shibasaki and Research Group for Water Balance 
1995). The amount of groundwater extracted from Japanese aquifers reached 14.5 × 10
9
 
m
3
/year in the 1970s (Environment Agency 1978). Groundwater flow in these basins can be 
considered in terms of three systems: regional flow systems, intermediate flow systems, and 
local flow systems (Tóth 1963). For example, the groundwater basin of the Kanto Plain 
(central Honshu) is a regional flow system. Natural groundwater flow there is determined by 
the relationships among regional geological structure, terrain, and the surface water flow 
network. However, anthropogenic effects such as urbanization and intensive groundwater 
extraction have transformed groundwater flow in the Kanto Plain (Figure 4). In 1971, the depth 
to the water table under the Tokyo lowland had increased to 60 m below sea level in response 
to excessive pumping (Figure 4a). The resultant cone depression induced groundwater flow 
toward its center. Thus, the local flow system was changed by groundwater extraction. Since 
1971, new regulations controlling groundwater extraction have led to the gradual recovery of 
the original regional flow system (Figure 4b and 4c). Urbanization and the resultant changes to 
the groundwater flow system of the Kanto Plain have also led to changes in the water balance 
within aquifers, resulting in land subsidence, changes in groundwater quality, and inhibition of 
groundwater recharge (Shindo 1987). 
Urbanization can disturb the temperature distribution within an aquifer (Yamano et al. 
2009). Urban heat islands have been shown to increase subsurface temperatures by several 
degrees during the 20th century (Taniguchi and Uemura 2005; Taniguchi 2006; Yalcin and 
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Yetemen 2009; Zhu et al. 2010). Changes in groundwater quality have been linked to recharge 
flows that have been chemically modified by the effects of urban development, such as 
subsurface wastewater disposal (Drake and Bauder 2005) and the increased use of road 
de-icing compounds (Kelly 2008). Drawdown due to groundwater extraction can cause 
oxidation of minerals, mobilization of heavy metals, and changes of alkalinity (Edmunds and 
Shand 2008). These processes need to be understood in regions where urbanization is 
proceeding rapidly and intensive aquifer exploitation is expanding. 
This study examines the highly permeable Late Pleistocene to Holocene aquifer 
underlying the urbanized Nagaoka Plain of central Japan, where groundwater usage in 1980s 
was about 145 × 10
6
 m
3
/year. Because Nagaoka City is subject to heavy snowfall, 60% of 
groundwater usage in the city during winter is to clear snow from roads (Environment Agency 
1982).  
The hydrology of the Nagaoka Plain can be summarized as follows: (1) large amounts of 
precipitation, including snowfall in winter; (2) interaction of groundwater and surface water 
along the Shinano River (the longest river in Japan); and (3) extreme drawdown caused by 
pumping of groundwater used to clear snow from roads in winter (Taniguchi 1987). The 
combined effect of these phenomena is an actively changing water cycle. These aspects of the 
groundwater cycle of the Nagaoka Plain have been considered in various previous studies 
(Kayane et al. 1985; Kayane and Shimada 1985; Taniguchi and Kayane 1986; Taniguchi 1987; 
Salem et al. 2004).  
In the Nagaoka Plain, groundwater recharge from the Shinano River has been artificially 
induced by intensive groundwater extraction during winter (Taniguchi 1987; Salem et al. 2004). 
The physical and chemical changes in the aquifer due to changes of both surface temperature 
and the composition of recharge water as a result of urbanization and intensive groundwater 
extraction are sources of concern for the future of the groundwater flow system in the Nagaoka 
area. 
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1-1 Subsurface temperatures in the natural environment 
Parsons (1970) identified two thermal zones in the subsurface, the surficial zone and the 
geothermal zone; the boundary between them is known as the isothermal layer. Seasonal 
variations of subsurface temperature extend only to the isothermal layer. The temperature of 
the surficial zone is influenced by changes of surface conditions, such as global warming and 
heat islands due to expanding urbanization. In the absence of groundwater flow, the subsurface 
temperature in the geothermal zone, which is generally below a depth of around 10 m, 
normally increases approximately linearly according to the geothermal gradient (1 °C per 20 to 
40 m of depth), although local changes of thermal conductivity can also affect the thermal 
profile. Groundwater flow perturbs the geothermal gradient as a result of infiltration of cool 
water in recharge areas and upward flow of warm water in discharge areas, thus causing 
concave upward temperature profiles in recharge areas and convex upward profiles in 
discharge areas. 
Within the surficial zone, mean temperatures in shallow groundwater are ~1 °C to 2 °C 
higher than the mean annual surface temperature. The amplitude of subsurface temperature 
fluctuations decreases with depth; below ~1.5 m temperatures are not significantly influenced 
by diurnal fluctuations at the surface (Silliman and Booth 1993). Temperature profiles in the 
surficial zone can provide information about seasonal recharge and discharge events related to 
precipitation and interchanges between groundwater and surface water (Anderson 2005). 
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1-2 Chemistry of groundwater in the natural environment 
Comparison of dissolved major-ion chemistry in groundwater from very different crustal 
areas shows that calcium (Ca), magnesium (Mg), sodium (Na), and potassium (K) are generally 
dominant. Overall, however, the chemistry of groundwater differs from area to area and is 
controlled largely by local weathering regimes. The dissolved ion chemistry of groundwater 
depends on (1) the composition of local rainfall and atmospheric dry deposition; (2) 
condensation and precipitation of subsurface water related to evapotranspiration and 
atmospheric inputs; and (3) the variability of inputs from weathering reactions and 
decomposition of organic matter in soil and rocks. 
Sea salt is a common input to groundwater in coastal regions. Such salts are introduced 
into the marine atmosphere by bubble burst and breaking waves and are deposited on land by 
rain and dust fall. Small amounts of sea salt are, however, also present in the rainwater of 
central continental areas, thousands of kilometers from the sea. Sea-salt inputs to groundwater 
are chemically broadly similar (predominantly sodium chloride) to the seawater from which 
they were derived. Thus, sodium or chloride ion concentrations can provide a measure of the 
amount of sea-salt input to rainwater. 
Weathering of evaporite minerals also affects the composition of groundwater. 
Groundwater in catchments draining areas where evaporite minerals predominate have very 
high total cation concentrations and are characterized by high sodium, chloride, calcium, and 
sulfate concentrations due to weathering of halite and gypsum. 
Because weathering reactions are an important influence on groundwater chemistry, the 
major dissolved cations are the soluble elements derived from local rock and soil. In the 
absence of evaporite minerals, which are a minor component of continental crust, limestone 
(CaCO3) is the rock type most susceptible to weathering. A high concentration of calcium ions 
liberated by limestone dissolution is an indicator of this weathering process, which can be 
clearly demonstrated by comparison of the Ca
2+
 concentration in groundwater from a limestone 
aquifer with that from granite or schist. Weathering of silicate minerals is a slow reaction 
process that produces solutions of low ionic strength; thus, the resulting changes in water 
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chemistry are gradual and less conspicuous than is the case for carbonate aquifers. Nonetheless, 
weathering of silicate minerals is estimated to contribute about 45% of the total dissolved load 
of the world’s rivers (Appelo and Postma 2005).  
The Na
+
 : (Na
+
 + Ca
2+
) ratio can be used to discriminate between the contributions of 
rainwater and weathering to groundwater chemistry. If sodium is the dominant cation (sea-salt 
contribution important), Na
+
 : (Na
+
 + Ca
2+
) ratios approach 1, but if calcium is the dominant 
cation (weathering contribution important), Na
+
 : (Na
+
 + Ca
2+
) ratios approach 0 (Andrews et al. 
2004). 
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1-3 Objectives of this study 
The objectives of this study were to clarify the processes associated with urbanization and 
intensive groundwater extraction that have changed the temperature and chemistry of 
groundwater under the Nagaoka Plain of central Japan. Geographic information system (GIS) 
software was used for land-cover analysis and to compile a map of urban density on the plain. 
These data, in conjunction with subsurface temperatures and groundwater chemical analyses, 
were used to document and interpret temporal changes in the distribution of surface and 
subsurface temperature and groundwater chemistry. Stable isotope (oxygen-18 and 
hydrogen-2) analyses of rainfall, snowfall, and groundwater samples were used to clarify 
groundwater sources. A three-dimensional computer simulation was used to clarify the changes 
to the water cycle as a result of groundwater extraction in the study area. 
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Figure 1. Worldwide distribution of three categories of aquifer. Major basin aquifers hold 
abundant easily extracted groundwater. Hydrogeologically complex basins can contain multiple 
aquifers separated by impermeable rock and may contain layers of saltwater as well as 
freshwater. Local and shallow aquifers provide only limited quantities of water. Major cities 
are indicated by black circles. Map created by P. Engstrom and K. Brauman under the Global 
Landscape Initiative of the Institute on the Environment and is based on Richts et al. (2011). 
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Figure 2. Worldwide relative rates of groundwater recharge. The rate at which rain, snow, and 
surface waters replenish groundwater varies greatly around the world, mostly owing to 
differences of geology and climate. Aquifer size and type and recharge rate determine the 
extent to which groundwater can be sustainably extracted for human use. Major cities are 
indicated by black circles. Map created by P. Engstrom and K. Brauman under the Global 
Landscape Initiative of the Institute on the Environment and is based on Richts et al. (2011). 
 10 
 
 
 
 
 
 
Figure 3. Distribution and quality of aquifers in Japan (after Geological Survey of Japan 
1964). 
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Figure 4. Comparison of depth to the water table (sea-level datum) in the Kanto Plain (a) 
during a period of intensive pumping and (b and c) during the recovery period following 
regulation of groundwater extraction (after Nirei and Furuno 1988). 
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2. Hydrogeological Setting 
The Nagaoka Plain is in central Niigata Prefecture near the coast of the Japan Sea. The 
uplands bounding the plain to the east and west contain a thick sequence of Miocene to 
Pliocene sedimentary and volcanic rocks (total thickness >4000 m) that forms the base of the 
major aquifers of the plain (Figure 5; Kobayashi et al. 1991). These rocks are strongly folded 
and reverse faulted on a mainly NNE to SSW trend, with anticlinal areas in the uplands and a 
major synclinal axis beneath the plain. Cumulative subsidence since the Pleistocene amounts to 
2000 m, and subsidence continues at present. The slip rate of the concealed active fault in the 
western part of the plain is more than 1 mm/year (Kobayashi et al. 2002). Active faults have 
governed the distribution of the terrace deposits underlying surface alluvium. 
Alluvium on the floodplain of the Shinano River is 20 to 50 m thick and consists of gravel, 
sand, and clay (Figure 6). The alluvium in the southern part of the study area is mainly gravel 
and becomes increasingly fine grained to the north. Beneath the alluvium there are terrace 
deposits (20 to 30 m thick) of Late Pleistocene age. They have been buried by alluvium as a 
result of tilting, and are considered to be hydrogeologically continuous with the river terrace in 
the western part of the plain. Both of these highly permeable, coarse-grained sedimentary units 
were deposited during the Late Pleistocene to Holocene. Hydraulic conductivities of the 
alluvium and terrace deposits are 0.12 cm/s and 0.092 cm/s, respectively (Tokyo Trade and 
Industrial Bureau 1975). The hydraulic conductivity of the underlying Pleistocene sequence is 
much lower (0.022–0.005 cm/s; Tokyo Trade and Industrial Bureau 1975). 
Winter snowfall on the Nagaoka Plain is heavy owing to the winter monsoon. Mean 
annual temperature and precipitation on the plain are 12.9 °C and 2324.8 mm, respectively. 
About 40% to 50% of the annual precipitation falls as snow between November and March. 
Annual evapotranspiration calculated by Penman’s method is 707 mm/year (Taniguchi 1987). 
Therefore, winter snowfall and snowmelt have a very strong influence on groundwater 
recharge. 
For more than five decades, groundwater has been used in Nagaoka City to clear snow. 
Around 1960, the main urban area was on natural levees or terraces, but subsequent excessive 
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groundwater pumping from backmarsh areas during the spread of urbanization has caused 
considerable subsidence (Niigata Prefectural Government 2000). Groundwater is also used for 
industry, construction, drinking water, and irrigation. Total groundwater usage in 1980s was 
about 145 × 10
6
 m
3
/year. Groundwater used to melt snow accounts for 60% of total 
groundwater extracted, or about 85 × 10
6
 m
3
 in winter (December to March), when 
groundwater extraction can be as high as ~30 × 10
6
 m
3
 per month (Figure 7; Environment 
Agency 1982). Groundwater extraction in winter has lowered the water table by up to 10 m in 
the center of Nagaoka City (Figure 8). A long-term downward shift of the water table and 
induced recharge from the Shinano River adjacent to the urban area were recognized by 
Taniguchi (1987). Time-series of movements of the water table clearly show the annual 
sequence of drawdown and recovery in the center of the city (Figure 9; Niigata Prefectural 
Government 2013). Water-table fluctuations intensified after the 1980s as the number of 
pumping wells increased considerably (Figure 10; Nagaoka City Office 2008). 
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Figure 5. Geologic map showing major geologic units in and around the study area. Major 
structural elements are from Niigata Prefectural Government (2000). Diamonds labelled A to G 
mark precipitation sampling locations. Red lines indicate locations of E-W and N-S 
cross-sections in Figure 6. 
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Figure 6. E-W and N-S geologic cross-sections across the study area and resistivity profiles; 
locations of sections shown in Figure 5 (Niigata Prefectural Government 2000). 
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Figure 7. Monthly volume and usage of groundwater extracted in Nagaoka City (Environment 
Agency 1982). 
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Figure 8. Seasonal fluctuations of water table in the study area. Contour maps of depth to well 
heads (m.a.s.l.) for (a) December 1982, (b) March 1983 showing extreme drawdown, and (c) 
April 1983 and (d) June 1983 after recovery (from Taniguchi 1987). 
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Figure 9. Long- and short-term variations of depth to water table in the center of Nagaoka City 
(Niigata Prefectural Government 2013). 
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Figure 10. Increase in number of water wells in Nagaoka City since 1965 (Nagaoka City 
Office 2008). 
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3. Methodology 
Subsurface temperature measurements and groundwater sampling were undertaken during 
4–6 August 2009, generally from observation wells assumed to be in thermal equilibrium with 
the aquifer. Temperatures were measured in 26 observation wells (Figure 11) with a digital 
thermistor temperature sensor (D617, Technol Seven; resolution 0.01 °C, precision 0.1 °C) at 
1-m intervals from the water table to the bottom of the wells. Groundwater samples were 
collected from 19 of these wells by inserting a double-valve bailer in the middle of a screened 
interval. 
Precipitation sampling was undertaken during August 2009 to August 2010 at seven sites 
(Figure 5) using a sampler fitted with an evaporation prevention device (Shimada et al. 1994). 
To prevent evaporation after sampling, samples were bottled in 100 ml or 250 ml polyethylene 
containers. Measurements of pH and electrical conductivity were conducted in situ with a 
portable pH and electrical conductivity meter (WM-32EP; DKK-TOA Corporation). Major ion 
components (Cl
–
, NO3
–
, SO4
2–
, Na
+
, K
+
, Ca
2+
, and Mg
2+
) were measured by ion 
chromatography (Shimadzu LC-10AS). SiO2 content was measured by molybdenum blue 
absorption spectroscopy (HACH 2492), and HCO3
–
 (alkalinity) was measured by titration 
using 0.01 M H2SO4 with a digital burette (Jencons Digitarte
TM
). Samples for analysis of metal 
contents were passed through a cellulose membrane filter (0.45 μm) and adjusted to pH <1 
with hydrochloric acid. Al, Mn, and Fe contents were measured by inductively coupled plasma 
atomic emission spectrometry (Shimadzu ICPS-1000IV). Chemical speciation and mineral 
reaction processes were analyzed using PHREEQC software (Parkhurst and Appelo 1999) 
based on measured data. 
Hydrogen-2 and oxygen-18 isotope data were obtained by cavity ring-down spectroscopy 
using a liquid-water isotope analyzer (Los Gatos Research). Results were expressed in permil 
deviation from the Vienna Standard Mean Ocean Water (VSMOW) and are here referred to as 
δ2H and δ18O, defined as follows: 
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Duplicate sample analysis showed measurement accuracy of ±0.3‰ and 0.1‰ for 2H/1H and 
18
O/
16
O, respectively. 
Three-dimensional computer simulation of steady-state groundwater flow through porous 
media (MODFLOW software; McDonald and Harbaugh 1988) was used to model the seasonal 
variations of the distribution of recharge and discharge rates. The modeling undertaken for this 
study is described in detail in section 4-5. Internal lateral flow boundaries were assigned using 
natural groundwater divides determined from watershed data; no exchange of water was 
assumed at the external boundaries of the model. The base of the model was 150 m below the 
land surface because the maximum depth of most production wells in the Nagaoka Plain is 
about 150 m (Tokyo Trade and Industrial Bureau 1975). For determination of the distribution 
of hydraulic head, the top of the model was defined for two cases: one for the period of 
water-table recovery and the other for the period of drawdown of the water table. Aquifer tests 
conducted in the Nagaoka Plain indicated that hydraulic conductivities were 0.12 cm/sec to 
0.005 cm/sec (Tokyo Trade and Industrial Bureau 1975). Because the subsurface in the study 
area consists mainly of a sequence of gravel, sand, and clay beds, anisotropic hydraulic 
conductivity was assumed with K(x,y) = 10
–2
 cm/sec and Kz = 10
–4
 cm/sec. 
An urban density map of the study area was prepared and assembled in a GIS (ESRI 
ArcGIS Desktop v. 9.3.1) along with data on subsurface temperature, water chemistry, and 
simulation outputs. This GIS dataset was then used to analyze thermal and chemical processes 
within the aquifers.
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Figure 11. Map showing land use in the study area in 1979 and locations of observation wells 
sampled for this study. 
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4. Results 
4-1 Land-cover analysis 
Changes of urban land use in the Nagaoka Plain since the 1950s were obtained from maps 
created by the Geospatial Information Authority of Japan (Figure 12). From the 1950s to the 
1980s, urbanization expanded considerably, initially on the right bank of the Shinano River and 
later also on the left bank, but there has been little expansion since the 1980s. 
An urban density map (Figure 13b) was created from a land-use map prepared by the 
Geospatial Information Authority of Japan in 1979 (Figure 13a). Urban density (Durban) was 
calculated for each cell of a 1 km grid by applying the following equation in a GIS 
environment. 
 
6D A 10urban urban          (3) 
 
where Aurban is the urbanized area (m
2
) within a grid cell. 
The map of urban density was then used in the three-dimensional computer simulation for 
analysis of the effects of urbanization on subsurface temperature and water chemistry. 
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Figure 12. Maps showing urbanized areas in (a) 1950s, (b) 1980s, and (c) 2000s derived from 
topographic maps prepared by the Geospatial Information Authority of Japan. 
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Figure 13. Land-use map of the study area in 1979 (prepared by Geospatial Information 
Authority of Japan) and (b) map of urban density derived from that land-use map (see text for 
method used). 
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4-2 Temperature 
Annual mean air temperature on the Nagaoka Plain since 1977 (Figure 14) has increased 
by 0.056 °C/year (Salem et al. 2004), which exceeds the rate of rise of air temperature 
attributed to global warming for the last 50 years (0.013 °C/year; IPCC 2007). Although air 
temperature differs from surface temperature (Putnam and Chapman 1996), it provides 
information on trends of changes of surface temperature (Taniguchi et al. 1999).  
Recent increases of the subsurface temperature profile under Nagaoka City have been 
attributed in part to urban warming (Salem et al. 2004). There has been a substantial increase of 
subsurface temperatures in the urban area since 1977 (Figure 15), but not in rural areas (Figure 
16), other than a small near-surface increase.  
Because the isothermal layer in the sediments of the Nagaoka Plain is at depths of 9 to 18 
m (Kayane et al. 1985; Taniguchi 1987), water temperatures at 18 m below the surface were 
used here to evaluate the long-term changes of subsurface temperature (1977–2009). 
Groundwater temperatures measured at 18 m depth in 2009 (this study) were compared with 
temperatures previously measured at that depth in the same wells between 1977 and 2001 
(Taniguchi 1986; Salem 2003). Groundwater temperatures increased slightly at 16 of the 26 
sites during the period 1977–2009 (Figure 17a). Of these 16 observation wells, 11 are in urban 
areas, where they show a temperature increase of 0.050 °C/year, which is roughly equivalent to 
the local increase of mean air temperature (0.056 °C/year). The remaining five wells are in 
rural areas (mainly paddy fields) and show an increase of 0.016 °C/year, which is similar to the 
rate of increase of air temperature attributed to global warming (0.013 °C/year). 
Comparison of subsurface temperature contours at 18 m depth on the Nagoka Plain with 
urban density for selected years between 1977 and 2009 (Figure 18) clearly shows that 
increases of subsurface temperature are related to the expansion of urban areas. Subsurface 
temperatures in August 1982 ranged from 12.6 to 13.4 °C, and spatial variability was greatest 
in the southern part of the plain (Figure 18a). By contrast, subsurface temperatures in June 
2000 had increased considerably to 13.2–14.8 °C. By August 2009 there had been little further 
change as temperatures were 13.4–14.8 °C. However, in both 2000 and 2009 the areas of 
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highest temperature coincided approximately with urbanized areas (Figure 18b and 18c). The 
distribution of subsurface temperatures changed markedly between August 1982 and June 2000, 
but changes between June 2000 and August 2009 were less dramatic. These findings indicate 
that the subsurface temperature has been affected by downward transport of heat from the 
warmed urban surface during the last 30 years. 
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Figure 14. Annual mean air temperature in Nagaoka City from 1977 to 2010 (Japan 
Meteorological Agency ). Circles are annual values and the curve is an 11-year running 
average. 
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Figure 15. Subsurface temperature profiles from an urban area (site 7; location shown in 
Figure 11) from May 1977 to August 2009: (a) vertical profiles and (b) isopleth of subsurface 
temperature variations with time. 
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Figure 16. Subsurface temperature profiles from a rural area (site 27; location shown in Figure 
11) from May 1977 to August 2009: (a) vertical profiles and (b) isopleth of subsurface 
temperature variations with time. 
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Figure 17. Temporal changes of subsurface temperature at 18 m depth. (a) In observation wells 
showing an increasing trend. Solid and dashed curves are averages for urban and rural areas, 
respectively. (b) In observation wells not showing any clear trend. The numbers of wells for 
each year differ because of gaps in the data. Data for 1977 to 2001 are from Taniguchi (1986) 
and Salem (2003). 
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Figure 18. Subsurface temperature contours (°C) 18 m below the surface in (a) August 1982, 
(b) June 2000, and (c) August 2009. Data for 1982 and 2000 are from Taniguchi (1986) and 
Salem (2003), respectively. Urban density is also shown. Note that there were fewer 
observation wells in 1982. 
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4-3 Groundwater chemistry 
Analyses of groundwater samples collected in 2009 showed considerable variations of 
chemistry across the Nagaoka Plain (Figures 19 and 20). For example, pH ranged from 5.3 to 
8.4, and electric conductivities of shallow groundwater (from alluvium and terrace deposits) 
and deep groundwater (from the Pleistocene sequence) were 110 to 530 µS/cm and 100 to 290 
µS/cm, respectively. Concentrations of bicarbonate and silicate (reaction products of water and 
rock) were 3 to 210 mg/l and 1 to 46 mg/l, respectively. pH was lower in urban areas (5.3 to 
6.6) than in suburban and rural areas (6.6 to 8.4). Groundwater samples were dominantly of 
calcium–magnesium bicarbonate (Ca-MgHCO3) type, although the shallow groundwater in 
urban areas was rich in calcium chloride (CaCl; e.g., sites 2 and 19) and calcium sulfate 
(CaSO4; e.g., sites 3, 6, and 7). 
High partial pressures of CO2 (pCO2) and the resultant increase of carbonic acid content 
allow more minerals to dissolve (Appelo and Postma 2005). Values of pCO2 calculated from 
the chemical composition of groundwater samples ranged from 10
–3.8
 to 10
–1.4
 atm (Figure 21), 
with higher values in areas of high resistivity (Figure 20); high resistivity was used here as a 
proxy for high groundwater velocity.  
It is important to understand the processes that affect water chemistry from the viewpoint 
of acid hydrolysis. Firstly, the dissolution processes of calcite (CaCO3) and dolomite 
[CaMg(CO3)2] in the aquifer were considered. These reactions are 
 
2+
3 2 2 3CaCO   H O  CO   Ca   2HCO
    , and     (4) 
2+ 2+
3 2 2 2 3CaMg(CO )   2H O  2CO   Ca   Mg   4HCO
     .   (5) 
 
Figure 22 shows the relationship between pH and HCO3
–
 for the groundwater samples and 
modeled pathways for dissolution of calcite and dolomite. The measured values lie mainly 
within the modeled ranges, indicating that the measured pH and HCO3
–
 reflect dissolution of 
calcite and dolomite. The shallow groundwater samples that are aligned near pCO2 = 10
–1.5
 atm 
indicate the influence of soil water, whereas the deep groundwater samples with higher pH 
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values reflect CO2 consumption. 
Secondly, the dissolution of feldspars was considered, as represented by silicates in the 
aquifer. For example, acid hydrolysis of microcline (KAlSi3O8) produces kaolinite 
(Al2Si2O5(OH)4) as follows: 
 
3 8 2 2
+
3 2 2 5 4 4 4
2KAlSi O   11H O  2CO  
                                       2K   2HCO   Al Si O (OH)   4H SiO
  
  
  (6) 
 
Figure 23 is a stability diagram for microcline and its possible weathering products. All of the 
measured values lie within the kaolinite stability field, indicating that the measured pH, K
+
, 
and SiO2 reflect dissolution of microcline to form kaolinite. However, the samples fall into two 
groups. Most fall between the two pCO2 lines, but sites 8, 10, 24, and 30 plot above the line of 
pCO2 = 10
–3.5
 atm. The divergence between sample and model data suggests that the pH values 
of these samples were increased by carbonate dissolution. 
The saturation index of calcite in August 2009 ranged from –3.0 to –1.0, whereas in 
December 2000 it ranged from –1.5 to –0.5 (Figure 24). The area with low calcite saturation 
index (below –2.0) was centered on the urban areas in August 2009. In shallow groundwater 
from the center of Nagaoka City, the calcite saturation index in August 2009 was significantly 
lower than in December 2000. 
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Figure 19. Piper diagram derived from all groundwater samples. 
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Figure 20. Distribution in the study area of pH, major ion components of groundwater, and 
resistivity of alluvium. 
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Figure 21. Plot of pCO2 versus pH. pCO2 was calculated from groundwater composition using 
PHREEQC software (Parkhurst and Appelo 1999). 
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Figure 22. Plot of pH versus log[HCO3
–
] for samples from observation wells (numbered 
symbols; see Figure 21 for explanation). Saturation lines for calcite and dolomite and reaction 
paths for rainwater in contact with sediments with pCO2 = 10
–1.5
 and 10
–3.5
 atm were modeled 
using PHREEQC software (Parkhurst and Appelo 1999) with initial Ca and Mg concentrations 
in water of 0.97 and 0.36 mg/l, respectively (Sugawara 1967). pCO2 = 10
–1.5
 atm is near the 
upper limit for soil gas respiration and degradation of organic matter, whereas pCO2 = 10
–3.5
 
atm is the atmospheric value (Appelo and Postma 2005). The reaction path end-members 
approach values at which groundwater dissolves calcite and dolomite and are modified from 
Langmuir (1971). 
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Figure 23. Plot of log[H4SiO4] versus log[K
+
] + pH in samples from observation wells 
(numbered symbols; see Figure 21 for explanation) and phase diagram for dissolution of 
microcline in rainwater with initial Si and K concentrations of 0.83 and 0.26 mg/l, respectively 
(Sugawara 1967). Reaction paths at pCO2 = 10
–1.5
 and 10
–3.5
 atm modeled using PHREEQC 
software (Parkhurst and Appelo 1999) are also shown. Thermodynamic data for gibbsite, 
kaolinite, muscovite, and microcline are from Robie et al. (1978). 
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Figure 24. Distribution of saturation index of calcite in (a) December 2000 (Salem 2003) and 
(b) August 2009, calculated using PHREEQC software (Parkhurst and Appelo 1999) from the 
chemical composition of shallow groundwater. Urban density is also shown. 
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4-4 Stable isotope data 
Hydrogen and oxygen isotopes are ideal for use as tracers to identify the source of 
groundwater because they are components of water molecules and they are sensitive to 
physical processes such as mixing and evaporation (Coplen 1993). 
Stable isotope data (Figure 25) from samples collected in August 2009 show that the 
groundwater of the Nagaoka Plain represents a mixture of precipitation on the plain with that 
of mountainous areas. Mean values of δ2H and δ18O in groundwater were –46.8 and –8.6, 
respectively. The mean isotopic compositions of precipitation on the plain (20–60 m.a.s.l) were 
δ2H of –54.6 and δ18O of –8.7, whereas for mountainous areas (330–640 m.a.s.l) they were δ2H 
of –59.5 and δ18O of –9.3. Thus, the isotopic composition of the groundwater was closer to that 
of precipitation on the plain, which suggests that groundwater recharge likely occurs on the 
plain. 
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Figure 25. Histograms of stable isotopic compositions in groundwater and precipitation: (a) 
δ2H and (b) δ18O. 
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4-5 Numerical simulation of groundwater flow system 
1) The model 
Three-dimensional numerical simulation of the distribution of hydraulic head was used to 
identify groundwater flow patterns and recharge and discharge rates of shallow aquifers under 
the Nagaoka Plain. Watershed data (Figure 26) were downloaded from the website of the 
Ministry of Land, Infrastructure Transport, and Tourism. 
Lateral boundaries within the model space were assigned using natural groundwater 
divides (e.g., alluvial fans, lowland delta region) determined from watershed data; no exchange 
of water was assumed at the external boundaries of the model (Figure 26). Modeling of the 
distribution of hydraulic head was completed for two cases. Case 1 modeled groundwater flow 
during the period of water table recovery; case 2 modeled it during the period of drawdown of 
the water table. Hydraulic head was placed 1 m below the land surface for modeling of the 
recovery period (Kayane and Maeda 1985). The water table is highest in the study area in early 
December each year and lowest in March (Figure 8), so the seasonal difference of water level 
can be approximated as the difference between these two levels (compare Figure 8a and 8b). 
However, because no data were available on seasonal movements of the water table elsewhere 
in the watershed, the seasonal difference was expressed as a function of urban density (Figure 
27). The slope of the function was set to 10 to reflect the maximum known drawdown of 10 m. 
The model comprised 13 columns and 33 rows of 1 km × 1 km cells of which 179 were 
active and 250 were inactive in the modeling process. The model was divided vertically into 
ten 15-m-thick layers. The base of the model was defined as a no-flow boundary 150 m below 
the land surface because the maximum depth of most production wells on the Nagaoka Plain is 
150 m (Tokyo Trade and Industrial Bureau 1975). 
Aquifer tests conducted in the Nagaoka Plain indicated that hydraulic conductivities there 
range from 0.12 to 0.005 cm/sec (Tokyo Trade and Industrial Bureau 1975). Because the 
shallow subsurface in the study area consists mainly of gravel, sand, and clay, anisotropic 
hydraulic conductivity was assumed with K(x,y) = 10
–2
 cm/sec and Kz = 10
–4
 cm/sec). 
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2) Results for case 1 
Modeled discharge during the water-table recovery season was primarily along the 
Shinano River (Figure 28); recharge was on the edges of the plain where it meets surrounding 
hills and on natural levees on the plain. Vectors of groundwater flow within the model (Figure 
29) show that flow was upward in areas of discharge and downward in areas of recharge, that 
recharge was from the south in both the eastern and western parts of the Nagaoka Plain, and 
that discharge occurred along the Shinano River. 
 
3) Results for case 2 
Modeled discharge during the period of drawdown of the water table (Figure 30) was 
centered on the main urbanized areas adjacent to the Shinano River. Vectors of groundwater 
flow within the model show no upward flow along the Shinano River near urbanized areas 
(Figure 31). Recharge areas with high flow velocities that lie between the Shinano River and 
urbanized discharge areas indicate the existence there of a local groundwater flow system. 
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Figure 26. Watershed boundary and grid used for three-dimensional modeling. 
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Figure 27. Relationship between urban density and the seasonal difference of water level. 
Urban density was used as the explanatory variable and the dependent variable was the 
difference of water levels in December 1982 and March 1983 (from Taniguchi 1987; shown in 
Figure 8a and 8b). Because data on water level variations for the entire analysis area were not 
available, the slope was set to 10 to reflect the maximum known drawdown of 10 m. 
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Figure 28. Modeling of water-table recovery season. (a) Contours of the water table (m.a.s.l.) 
and (b) areal distribution of rates of recharge and discharge (mm/d) at the top of the aquifer. 
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Figure 29. Three-dimensional visualization of the model showing vectors of groundwater flow 
during the water-table recovery season. 
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Figure 30. Modeling of period of water-table drawdown. (a) Contours of water table (m.a.s.l.) 
and (b) areal distribution of rates of recharge and discharge rate (mm/d) at the top of the 
aquifer. 
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Figure 31. Three-dimensional visualization of model showing vectors of groundwater flow 
during the period of water-table drawdown. 
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5. Discussion 
Groundwater temperature and water chemistry in the Nagaoka area have been affected by 
urbanization since 1980s. Changes of land use have resulted in surface warming at 
0.056 °C/year, the development of a local urban groundwater flow system with modified 
source water chemistry, and extreme drawdown of the water table in response to intensive 
groundwater extraction. Surface warming due to urbanization (Figure 14) has increased 
temperatures under the urban area over the last 30 years (Figure 18). Subsurface warming 
related to urbanization has also been documented in Istanbul, Turkey (Yalcin and Yetemen 
2009), and in Cologne, Germany (Zhu et al. 2010). In contrast, subsurface temperatures in rural 
parts of the study area show an increase commensurate with that of global warming. The 
results of this study show that the distribution of subsurface temperatures changed markedly 
between August 1982 and June 2000, but changed little between June 2000 and August 2009.  
During 2000–2009, globally averaged surface temperatures showed little increase, 
perhaps even showing a slightly negative trend (Meehl et al. 2011). Such a period of little 
change in globally averaged surface temperatures (Stocker et al. 2013) is known as a global 
warming hiatus (Easterling and Wehner 2009). Such periods are common in the surface 
temperature record and do not negate the robust evidence of continued global warming. In the 
Nagaoka Plain, the observed changes of subsurface temperature do not reflect that hiatus; 
rather, they represent the combined effects of urbanization and global warming. Although 
subsurface temperatures should reflect an open and non-steady-state system, the temperature 
distribution patterns in the study area reflect the attainment of a state of dynamic equilibrium in 
the heat balance between the subsurface and the surface. 
Recharge of shallow groundwater on the Nagaoka Plain occurs mainly via alluvial fans 
and is also dependent on the hydraulic conductivity (represented by resistivity in Figure 20) 
within them. Areas of recharge correspond to the tops of alluvial fans, and areas of discharge 
extend over the lowland delta in the northern part of the study area, including the main urban 
area. Although central Nagaoka City was originally an area of groundwater discharge, extreme 
drawdown due to intensive groundwater extraction has lowered the water table (Taniguchi 
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1987), producing a local groundwater flow system under the center of the city. Kayane and 
Shimada (1985) used tritium dating to show that the time required for circulation of shallow 
groundwater in the study area ranges from one year in the center of the city to several decades 
in rural areas. Groundwater in urban areas with chemical compositions very close to that of 
rainwater (Figure 22) also indicates that shallow groundwater circulates very quickly in the 
urban area. 
The presence of chloride concentrations of ~48 mg/l in urban groundwater of the study 
area suggests that it has been chemically modified by road de-icers, as documented by Kelly 
(2008) for groundwater in Chicago. High sulfate concentrations in the urban groundwater 
suggest oxidization of pyrite and the consequent carbonate buffering of groundwater, as 
documented by Kinniburgh et al. (1994) for groundwater in London. In the main urban area of 
the Nagaoka Plain, large amounts of road de-icer (CaCl2) are used (Salem 2003), and the hills 
surrounding the plain are composed of marine mudstone that is rich in pyrite (Chigira 1988). 
The presence of chloride in groundwater in the main urban area likely reflects recharge by 
urban surface water containing dissolved road de-icers. The presence of sulfates there likely 
reflects recharge (in response to extreme drawdown due to groundwater pumping) from 
aquifers in the hills bordering the plain, where there had been oxidation of pyrite. 
The results of this study show that the chemical composition of groundwater in the 
Nagaoka Plain reflects acid hydrolysis of carbonate and silicate minerals in the groundwater 
flow system. The hills that surround the study area are composed of Pleistocene sedimentary 
rocks that contain calcareous fossil foraminifera (Kobayashi et al. 1991) and may be the source 
of calcite in the groundwater. Neogene volcanic rocks (e.g., andesite, rhyolite and dacite) in the 
eastern hills (also evident in the riverbed gravel of the Shinano River; Kato 1999) may be the 
source of silicate minerals. The SiO2 content of these volcanic rocks is 55–70% (Kobayashi et 
al. 1991). Therefore, the presence of carbonate or silicate in groundwater of the study area can 
be explained by calcite or silicate weathering in the sediments of aquifers derived from the 
surrounding hills. Silicate weathering is the most important pH-buffering mechanism in 
sediments that do not contain carbonate minerals, but because the rate of silicate dissolution is 
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slow, groundwater in silicate-rich rocks is vulnerable to acidification (Appelo and Postma 
2005). In the main urban area, the area of low calcite saturation index corresponds to that of 
intensive groundwater extraction in winter (Figure 24), which suggests that groundwater 
pumping has induced continuous dissolution of carbonates, possibly increasing the 
vulnerability to acidification of groundwater in the coarse-grained aquifers of the study area. 
It appears that the sources of shallow groundwater recharge in the main urban area have 
been modified during the last 50 years, as suggested by the presence of groundwater with a 
chemical composition close to rainwater, low calcite saturation index, and relatively high 
chloride concentrations. As shown by the three-dimensional groundwater flow simulation, 
drawdown of the water table under the central urban area results in changes to the source of 
recharge waters and recharge flux. In the absence of heavy pumping (Figures 28 and 29), 
groundwater recharge close to the river was limited because the water table was close to the 
surface (with no space for recharge, rain runs off). Thus, water in the aquifer was likely 
recharged elsewhere and via a longer flow path. During the period of intensive pumping 
(Figures 30 and 31), the deeper water table accommodates considerably more local recharge of 
chemically immature water via a much shorter flow path. Thus, there are considerable 
differences in the chemical evolution of waters recharged during the periods of water table 
drawdown and water table recovery. 
Changes in the hydrodynamics of aquifer systems in response to changes of land use, 
groundwater extraction, and surface warming suggest that urbanization and intensive 
groundwater extraction can cause geochemical changes in aquifers (Uhlman 2014). 
Groundwater vulnerability depends on three factors: (1) the presence of anthropogenic or 
natural contaminant sources, (2) the combined effect of natural hydrogeologic and geochemical 
processes and anthropogenic processes in the subsurface that affect contaminant concentrations, 
and (3) the role of important transport mechanisms as contaminants move through the 
groundwater flow system (Focazio et al. 2002). The residence time of groundwater and the age 
of recharge waters are important factors that influence water quality. Vertical head gradients 
and mixing of stratified aquifer waters can contribute to degradation of the quality of extracted 
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groundwater (Uhlman 2014). In general, groundwater flow velocity is slower than 
anthropogenically induced changes in water level (hydraulic head). Thus, because changes of 
water chemistry are transmitted by advection, such changes are delayed. 
The groundwater chemistry analyses and three-dimensional groundwater flow simulation 
presented here suggest that seasonal variations of the groundwater flow system affect water 
chemistry in the center of Nagaoka City. Urbanization has increased the number of production 
wells needed to supply water for snow removal, resulting in extreme drawdown in the center of 
the city between December and March. However, the water table recovers quickly as a result of 
recharge from the Shinano River in and near the city. Between April and June, the water table 
recovers to its level before the intensive winter pumping (Figure 8). Thus, water circulation in 
the urban area has been accelerated. The chemistry of the younger groundwater in aquifers 
under the city is different from that of aquifers in rural areas. The use of calcium chloride as a 
snowmelt agent on roads, and natural oxidation and dissolution of minerals (pyrite, calcite etc.), 
facilitate increases of chloride and sulfate and decreases of pH and bicarbonate in the urban 
groundwater. These changes increase the vulnerability to contamination of groundwater in 
aquifers under the main urban area. Coarse-grained aquifers in this region are highly vulnerable 
to acidification because the buffering effects are low.  
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6. Conclusions 
Analyses of land cover and groundwater samples from the Nagaoka Plain revealed 
changes in groundwater temperature and chemistry as a consequence of the expansion of urban 
areas, intensive groundwater extraction, and groundwater recharge by chemically modified 
water. Furthermore, this study revealed that groundwater temperature at the isothermal layer is 
sensitive to changes of surface temperature. Comparison of subsurface temperatures at 18 m 
depth in 2009 with measurements made between 1977 and 2000 revealed an increase of 
0.050 °C/year in the main urban area of the Nagaoka Plain; this rate of increase is comparable 
to that of mean air temperature during that period (0.056 °C/year). Surface warming due to 
urbanization was identified as the source of the warm zone under the urban area. 
The groundwater flow system in the main urban area, formerly a groundwater discharge 
area, has been modified by drawdown of the water table in response to intensive groundwater 
extraction. Groundwater in the main urban area has a chemical composition close to that of 
rainwater, a low calcite saturation index, and relatively high chloride concentrations, all of 
which can be attributed to changes to the groundwater flow system due to drawdown of the 
water table. The results of three-dimensional simulations of the groundwater flow system also 
support these findings. 
The pH buffering function of carbonate minerals has been facilitated by CO2 consumption 
or pyrite oxidation as a consequence of the drawdown of the water table. The decline in the 
calcite saturation index in the main urban area indicates enhanced pH buffering over the past 
decade. It is inferred from these findings that continuous dissolution of carbonates has been 
induced in the urban area by changes in recharge waters in response to intensive groundwater 
extraction. These changes to water in the coarse-grained aquifers of the study area may have 
increased its vulnerability to acidification. This irreversible dissolution of minerals is a 
consequence of fluctuations of the water table due to the annual extremes of groundwater 
extraction. 
Changes in groundwater regime by urbanization are the common environmental issue in 
recent world. Regional studies should be positioned in the global framework to share the local 
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knowledge and solve the hydrological issue in urban areas. In this study, the changes in 
groundwater properties in the Nagaoka Plain were revealed by the comparative hydrological 
method. Comparative method was adopted to recognize the changes in subsurface temperature 
and water chemistry caused by urbanization and aquifer exploitation. This methodological 
procedure has been evolved by comparing the recently and historically measured groundwater 
properties for the same or different area. This approach was very powerful tool to reveal the 
dynamics of groundwater in this study field. In addition, analyses presented here of land cover, 
groundwater temperature and groundwater chemistry, together with three-dimensional 
numerical simulation provide an accurate, practical, and affordable approach for study of the 
effect of urbanization on groundwater flow systems. 
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Appendices 
  
 
Appendix 1. Observation wells used in this study 
Site Latitude Longitude Depth 
(m) 
Screened intervals 
(m) 
1 37° 27′ 10.5″ 138° 47′ 50.9″ 97 82.5–95.9 
2 37° 26′ 33.0″ 138° 50′ 35.7″ 22 11–22 
3 37° 26′ 17.9″ 138° 51′ 28.9″ 22 10.7–20.7 
6 37° 26′ 24.7″ 138° 50′ 50.6″ 25 14–25 
7 37° 26′ 42.4″ 138° 51′ 34.1″ 50 28–44.5 
8 37° 27′ 14.2″ 138° 52′  9.8″ 25 14–23 
10 37° 27′ 58.5″ 138° 52′ 27.0″ 106 88–100 
11 37° 24′ 13.2″ 138° 49′ 22.5″ 22 11–22 
13 37° 27′ 15.5″ 138° 52′ 39.8″ 22 14–21 
15 37° 26′ 49.2″ 138° 49′ 12.5″ 50 44.5–50 
16 37° 29′ 50.6″ 138° 51′ 53.7″ 52.5 30.43–46.97 
17 37° 27′ 15.1″ 138° 50′ 53.3″ 100 88.94–100 
18 37° 28′ 11.5″ 138° 47′ 50.4″ 29 23.5–29 
19 37° 28′ 10.8″ 138° 51′ 24.6″ 50.3 26.76–43.31 
21 37° 27′ 56.2″ 138° 49′ 25.5″ 100 43–54, 59.5–76 
23 37° 25′  8.9″ 138° 49′ 42.5″ 100.6 33.1–38.6, 49.6–60.6, 77.1–82.6, 88.1–93.6 
24 37° 26′ 16.8″ 138° 47′ 52.6″ 100 71–82 
25 37° 24′  0.8″ 138° 47′ 52.2″ 50 27.85–44.47 
26 37° 29′ 56.2″ 138° 47′ 17.2″ 107 37.7–49.44, 93.04–104.78 
27 37° 29′  1.1″ 138° 52′ 42.4″ 49.5 32–37, 42–50 
29 37° 28′ 24.6″ 138° 50′  2.1″ 20 5–18 
30 37° 28′ 41.2″ 138° 48′ 17.0″ 114.6 77–85, 97–102 
31 37° 25′ 18.8″ 138° 50′ 14.4″ 20 5–18 
32 37° 25′ 25.4″ 138° 48′ 52.0″ 20 5–18 
33 37° 24′ 34.8″ 138° 50′ 28.9″ 96 64–71, 72–78 
35 37° 22′  8.2″ 138° 49′  5.5″ 20 5–18 
  
 
Appendix 2. Precipitation observatories used in this study 
Site Latitude Longitude Altitude 
(m) 
Affiliation 
A 37° 28′ 10.4″ 138° 54′ 46.1″ 60 Yamamoto Junior High School 
B 37° 24′ 38.3″ 138° 54′  7.0″ 340 Nagaoka Municipal Ski Slope 
C 37° 22′ 19.5″ 138° 55′  1.3″ 640 Kayatoge Pasture 
D 37° 23′ 44.9″ 138° 46′ 38.1″ 60 Koshiji Junior High School 
E 37° 29′ 57.9″ 138° 43′ 59.4″ 330 Oginojo Castle Remains 
F 37° 26′ 53.0″ 138° 50′ 12.1″ 20 Shinanogawa River Office Nagaoka Observatory 
G 37° 18′ 29.1″ 138° 48′  3.8″ 50 Shinanogawa River Office Ojiya Observatory 
  
 
Appendix 3. Temperature profiles measured in 26 observation wells between May 1977 and 
August 2009 
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Appendix 4. Chemistry, temperature, pH, and electrical conductivity of groundwater sampled 
from 19 observation wells in August 2009 
 
Metals, temperature, pH, and electrical conductivity 
Site DW DS Aquifer Temp pH EC Al Fe Mn 
 (m) (m)  (°C)  (µS/cm) (mg/l) 
2 22 16 a 14.4 5.5 150 0.2 38 1.0 
3 22 16 a 14.7 6.2 310 0.8 57 1.0 
6 25 20 a 14.5 6.4 240 0.4 50 0.2 
7 50 36 bt 14.7 5.9 530 1.0 67 1.3 
8 25 18 a 14.7 7.7 310 0.2 14 0.2 
10 106 94 pl 13.4 7.3 160 0.3 9.0 0.3 
11 22 18 bt 13.6 6.8 130 0.3 56 0.2 
13 22 18 a 14.2 6.7 450 0.4 99 2.0 
15 50 48 pl 13.6 6.6 180 0.7 63 0.4 
16 52.5 38 bt 14.4 6.6 260 0.7 51 2.2 
18 29 26 bt 13.3 6.7 230 0.4 27 0.6 
19 50.3 36 bt 15.5 5.3 160 0.5 42 1.2 
21 100 68 pl 13.8 7.3 290 0.9 66 1.1 
24 100 76 pl 11.6 8.4 140 1.2 85 1.1 
25 50 36 pl 12.2 6.9 180 0.5 35 0.6 
29 20 12 a 14.2 6.9 260 0.8 470 0.7 
30 114.6 100 pl 13.5 7.5 100 0.5 5.7 0.1 
31 20 12 a 12.7 6.6 110 0.5 37 0.2 
35 20 12 a 13.5 6.6 220 0.5 81 0.6 
Major ion and silica 
Site Na
+
 K
+
 Ca
2+
 Mg
2+
 Cl
-
 HCO3
-
 NO3
-
 SO4
2-
 SiO2 
 (mg/l) 
2 4.1 1.9 5.8 2.3 44 3 0.2 2.4 1 
3 12 4.0 29 9.1 11 57 ND 74 7 
6 15 3.8 22 8.2 12 63 ND 62 6 
7 18 5.4 30 14 15 12 1.0 120 9 
8 16 3.8 25 13 14 100 0.8 47 2 
10 13 3.5 13 6.0 8.5 100 ND ND 9 
11 9.2 1.6 12 3.9 12 71 ND 7.6 8 
13 16 5.8 32 12 13 210 5.0 ND 32 
15 11 3.8 14 5.0 11 80 ND 15 30 
16 14 6.0 24 8.3 14 130 ND 1.4 46 
18 17 4.0 13 8.4 14 110 6.5 ND 32 
19 6.1 2.0 8.3 3.0 48 3 ND ND 2 
21 18 6.0 25 13 20 170 0.5 6.7 35 
24 11 3.4 10 3.7 11 68 ND 4.2 27 
25 12 1.8 9.7 5.4 16 75 1.9 3.1 6 
29 14 3.9 22 5.7 14 110 1.5 33 7 
30 10 4.4 2.9 2.0 9.9 40 0.8 ND 6 
31 7.6 1.7 7.3 2.6 13 36 2.2 2.4 4 
35 12 4.2 19 7.7 13 110 0.8 9.1 23 
DW, depth of well; DS, depth sampled; a, alluvium; bt, terrace deposit; pl, Pleistocene; EC, electrical 
conductivity; ND, not detected. 
  
 
Appendix 5. Isotopic composition of the analyzed water samples 
Groundwater sampled from the observation wells in August 2009 
Site δ2H (‰) δ18O (‰) 
2 -48.9 -8.8 
3 -48.1 -8.9 
6 -49.1 -8.8 
7 -47.8 -8.7 
8 -46.6 -8.7 
10 -42.4 -7.7 
11 -48.8 -8.8 
13 -42.5 -7.7 
15 -46.0 -8.5 
16 -47.0 -8.7 
18 -45.7 -8.1 
19 -50.0 -8.6 
21 -45.8 -8.5 
24 -46.7 -9.1 
25 -40.5 -8.3 
29 -47.5 -8.5 
30 -45.8 -8.7 
31 -50.1 -9.2 
35 -49.6 -9.0 
 
 
 
 
  
 
Appendix 5. Continued 
Rainfall or snowfall sampled during August 2009—August 2010 
Site Altitude (m) Period start Period end δ2H (‰) δ18O (‰) 
A 60 2009/8/27 2009/9/11 -33.2 -6.3 
A 60 2009/9/12 2009/10/9 -53.0 -8.0 
A 60 2009/10/10 2009/11/6 -54.5 -9.3 
A 60 2009/11/7 2009/12/8 -34.7 -7.7 
A 60 2009/12/9 2010/2/26 -47.5 -10.0 
A 60 2010/2/27 2010/3/30 -55.1 -8.9 
A 60 2010/3/31 2010/5/6 -54.9 -8.1 
A 60 2010/5/7 2010/6/2 -51.8 -7.7 
A 60 2010/6/3 2010/6/30 -85.5 -11.5 
A 60 2010/7/1 2010/8/4 -71.3 -9.7 
A 60 2010/8/5 2010/8/31 -54.3 -7.2 
      
B 340 2009/8/27 2009/9/11 -36.4 -6.3 
B 340 2009/9/12 2009/10/9 -60.4 -9.0 
B 340 2009/10/10 2009/11/6 -55.0 -9.3 
B 340 2009/11/7 2009/12/8 -49.5 -9.3 
B 340 2009/12/9 2010/3/30 -46.7 -9.2 
B 340 2010/3/31 2010/5/6 -55.7 -8.5 
B 340 2010/5/7 2010/6/2 -60.1 -8.9 
B 340 2010/6/3 2010/6/30 -90.9 -12.0 
B 340 2010/7/1 2010/8/4 -72.1 -9.8 
B 340 2010/8/5 2010/8/31 -47.9 -6.6 
  
 
Appendix 5. Continued 
Rainfall or snowfall sampled during August 2009—August 2010 
Site Altitude (m) Period start Period end δ2H (‰) δ18O (‰) 
C 640 2009/8/27 2009/9/11 -36.6 -6.8 
C 640 2009/9/12 2009/10/9 -67.8 -10.3 
C 640 2009/10/10 2009/11/6 -64.5 -10.8 
C 640 2009/11/7 2009/12/8 -53.8 -10.1 
C 640 2009/12/9 2010/5/6 -49.5 -9.8 
C 640 2010/5/7 2010/6/2 -60.0 -9.2 
C 640 2010/6/3 2010/6/30 -97.3 -12.7 
C 640 2010/7/1 2010/8/4 -80.0 -11.4 
C 640 2010/8/5 2010/8/31 -50.3 -7.4 
      
D 60 2009/8/27 2009/9/11 -38.1 -6.6 
D 60 2009/9/12 2009/10/9 -55.9 -8.4 
D 60 2009/10/10 2009/11/6 -55.3 -9.8 
D 60 2009/11/7 2009/12/8 -38.6 -8.0 
D 60 2009/12/9 2010/2/26 -41.4 -8.8 
D 60 2010/2/27 2010/3/30 -53.1 -8.6 
D 60 2010/3/31 2010/5/6 -54.1 -7.9 
D 60 2010/5/7 2010/6/2 -56.8 -7.9 
D 60 2010/6/3 2010/6/30 -82.8 -11.3 
D 60 2010/7/1 2010/8/4 -68.6 -9.4 
D 60 2010/8/5 2010/8/31 -44.8 -6.4 
  
 
Appendix 5. Continued 
Rainfall or snowfall sampled during August 2009—August 2010 
Site Altitude (m) Period start Period end δ2H (‰) δ18O (‰) 
E 330 2009/8/27 2009/9/11 -38.0 -6.4 
E 330 2009/9/12 2009/10/9 -56.9 -8.6 
E 330 2009/10/10 2009/11/6 -54.0 -9.6 
E 330 2009/11/7 2009/12/8 -47.0 -9.3 
E 330 2009/12/9 2010/3/30 -49.5 -9.5 
E 330 2010/3/31 2010/5/6 -58.2 -8.6 
E 330 2010/5/7 2010/6/2 -66.4 -8.8 
E 330 2010/6/3 2010/6/30 -87.1 -11.9 
E 330 2010/7/1 2010/8/4 -73.6 -9.7 
E 330 2010/8/5 2010/8/31 -60.2 -8.6 
      
F 20 2009/8/27 2009/9/11 -35.3 -6.7 
F 20 2009/9/12 2009/10/9 -56.0 -8.6 
F 20 2009/10/10 2009/11/6 -53.3 -9.5 
F 20 2009/11/7 2009/12/8 -48.4 -8.9 
F 20 2009/12/9 2010/2/26 -40.4 -8.8 
F 20 2010/2/27 2010/3/30 -51.3 -8.7 
F 20 2010/3/31 2010/5/6 -56.6 -8.8 
F 20 2010/5/7 2010/6/2 -59.2 -8.3 
F 20 2010/6/3 2010/6/30 -86.7 -11.8 
F 20 2010/7/1 2010/8/4 -65.7 -8.6 
F 20 2010/8/5 2010/8/31 -51.0 -7.3 
  
 
Appendix 5. Continued 
Rainfall or snowfall sampled during August 2009—August 2010 
Site Altitude (m) Period start Period end δ2H (‰) δ18O (‰) 
G 50 2009/8/27 2009/9/11 -27.6 -5.5 
G 50 2009/9/12 2009/10/9 -56.1 -8.6 
G 50 2009/10/10 2009/11/6 -59.1 -10.0 
G 50 2009/11/7 2009/12/8 -53.8 -9.7 
G 50 2009/12/9 2010/2/26 -45.2 -9.4 
G 50 2010/2/27 2010/3/30 -55.5 -9.2 
G 50 2010/3/31 2010/5/6 -55.3 -8.5 
G 50 2010/5/7 2010/6/2 -57.1 -8.3 
G 50 2010/6/3 2010/6/30 -81.2 -10.9 
G 50 2010/7/1 2010/8/4 -68.6 -9.4 
G 50 2010/8/5 2010/8/31 -52.6 -7.6 
 
